We report on the strong coupling between the Bloch surface wave supported by an inorganic multilayer structure and J-aggregate excitons in an organic semiconductor. The dispersion curves of the resulting polariton modes are investigated by means of angle-resolved attenuated total reflection as well as photoluminescence experiments. The measured Rabi splitting is 290 meV. These results are in good agreement with those obtained from our theoretical model. PACS numbers: 71.36.+c, 42.70.Qs, 78.55.Cr, 42.30.Kq, A large number of new and compelling phenomena are based on exciton polaritons, including very low threshold lasing 1,2 , Bose Einstein condensation 3 , and superfluidity 4 . Polaritons are also appealing in classical and quantum nonlinear optics, since they can have strong optical nonlinearities arising from their high selfinteraction potential 5, 6 . Exciton polaritons form when the interaction between excitons and the electromagnetic field is strong enough to become reversible 7,8 (strong coupling regime). The typical platform used to investigate this kind of polaritons consists in one or more quantum wells embedded in a one dimensional optical microcavity 7 . Starting from this system, one can fully confine the polariton 9 or control its propagation by pattering the microcavity 6 . To this end, strong coupling has also been investigated in other planar structures, for instance exciton polaritons have been observed in GaAs slab waveguides by using dielectric 10, 11 and metallic 12 gratings 13 . A recent theoretical proposal suggested strong coupling between excitons and Bloch Surface Waves (BSWs) 14 . The latters are photonic modes that exist at the interface between a truncated photonic crystal, typically a distributed Bragg reflector (DBR), and an ideally semiinfinite dielectric medium 15 . BSWs are confined near the structure surface and propagate in the plane of the structure: their confinement is due to total internal reflection from the side of the homogenous dielectric and to the photonic band gap in the photonic crystal. Thus, the BSW dispersion relation lies below the light line of the top dielectric material and within the photonic band gap. Since the electromagnetic field is highly concentrated near the sample surface 16 , BSWs are appealing for enhancing the interaction between light and the materials deposited on the sample surface 17 , and thus they have been mainly exploited for sensing applications [18] [19] [20] . Yet, the small modal volume and the possibility to control BSW propagation by means of a minimal structurization of the multilayer surface 14 suggest their strong potential to study the light-matter interaction in the strong coupling regime.
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In this work we report experimental evidence of strong coupling between Bloch Surface Waves supported by a Ta 2 O 5 /SiO 2 multilayer and the excitons in the J-aggregate form of the dye 5,5',6,6'-tetrachloro-1,1'-diethyl-3, 3'-di(4-sulfobutyl)-benzimidazolocarbocyanine (TDBC). TDBC and other dyes J-aggregates have been shown to undergo strong coupling in a variety of photonic platforms, from microcavities 21 , to gratings 22, 23 , metal- lic nanoparticles 24 , opals 25 and Tamm states 26 . While not retaining some of the properties of excitons in GaAs quantum wells, they offer the great advantage of having very large oscillator strengths so that strong coupling can be easily observed at room temperature.
A sketch of the structure investigated in this work is shown in Figure 1 . The sample, realized by Layertech GmbH, consists of a Ta 2 O 5 /SiO 2 multilayer grown by magnetron sputtering on the hypotenuse of a 45
• -90
• -45
• N-BK7 prism. It is composed of six periods of alternating Ta 2 O 5 and SiO 2 layers (87 nm and 153 nm in thickness respectively, ∼0.26 refractive index contrast); the multilayer truncation consists in the two topmost layers (10 nm of Ta 2 O 5 and 10nm of SiO 2 ) engineered to support a BSW in the visible spectral range. Finally, a TDBC J-aggregates doped PVA film was spin cast on the top surface of the multilayer, as sketched in Figure 1 . TDBC (FEW chemicals, CAS number 18462-64-1) J-aggregates dispersed into poly(vinyl alcohol) matrix (PVA, Sigma Aldrich, M w 85000-124000, CAS number 9002-89-5) were prepared by de-ionized water solutions. 0,1 g of PVA have been added to 2 ml of a 5.2 × 10 −2 M TDBC aqueous solution. In order to obtain a complete dissolution of PVA and an effective mixing with TDBC, the solution has been stirred and heated at 70
• C for 24 hours. 250 µl of such solution have been dynamically spin coated at 40 rps directly on the multilayer by using an SCC Novocontrol spincoater 27, 28 . The same process was also performed to coat a silicon substrate as reference sample for assessing the optical properties of the J-aggregates.
The optical constants of the organic semiconductor were fully characterized by considering a TDBC Jaggregates doped PVA film deposited on silicon substrate and by performing variable angle spectroscopic ellipsometry (VASE from J.A. Woolam Co., Inc.) in the 0.25-2.5 µm wavelength range. Ellipsometric spectra were then analyzed with the commercial software WVASE32
R by assuming a three layer model: the silicon substrate, a thin silicon oxide layer, and the TDBC J-aggregates doped PVA film, whose thickness and dielectric functions are the free parameters of the fit procedure. Silicon and PVA optical constants were obtained from reference samples. The best-fit value for the thickness is 42 ± 8 nm. The refractive index and extinction coefficient of the TDBC J-aggregates doped PVA film are shown in Figure 2(a) : the strong dispersive structure associated with the exciton is the sign of the high oscillator strength of the J-aggregate. The dispersion of the optical constants was simulated assuming an harmonic function for the dielectric response ǫ(ω) = ǫ ∞ + ω LT /(ω − ω 0 − iγ),with ǫ ∞ = 1.6, ω LT = 0.4 eV, ω 0 = 2.1 eV and γ = 0.03 eV.
The emission properties of the J-aggregates were also investigated. In Fig 2 (b) we show the photoluminescence (PL) spectrum of the reference TDBC/PVA layer on silicon when excited by a continuous-wave 532 nm laser source. The peak at 2.1 eV corresponds to the exciton emission and has a FWHM of ∼ 30 meV, sign of the strong coherence of interaction and reduced inhomogeneous broadening of the of the TDBC J-aggregates doped PVA film 29 . The photonic modes of the system were characterized before and after the deposition of the the TDBC Jaggregates doped PVA film by means of angle-resolved attenuated total reflectance (ATR) in the Krestchmann configuration (see Fig. 1 (a) ) 30 . The ATR spectra for the collected transverse-electric (TE) polarized light are shown in Fig. 3(a) for different external angle θ ext , which are determined within a resolution of ∼1
• . Several dispersive dips are clearly visible in the spectra: the sharpest one corresponds to the excitation of the BSW mode at the sample surface; the other dips are associated with bulk photonic modes, which are guided in the multilayer 17, 20 . The dispersion relations of the modes supported by the structure can be extracted from the ATR spectra by using
where k is the modulus of the in-plane wave vector, E is the energy, and n is the prism refractive index. The results are shown in Fig. 3 (b) along with the theoretical curves calculated using the transfer matrix method. The BSW dispersion relation is clearly visible inside the band gap, delimited by the two band edges, and it is in excellent agreement with the theoretical curve. The same experiment was repeated after the deposition of the the TDBC J-aggregates doped PVA film. The ATR spectra and the corresponding dispersion relations are shown in Fig. 3 (c) and (d) , respectively. In particular, the spectra show two distinct dips, within the band gap, due to the strong coupling between the J-aggregate exciton and the BSW mode. The high-energy dips are less pronounced than the low-energy dips because of the nonlinear relation between and k and θ ext in Eq. 1, which results in the broadening of the resonance at high energies and large θ ext , and due to absorption in Ta 2 O 5 above 2.4 eV.
The dispersion relations of the different modes are plotted in Fig. 3 (d) . While the curves corresponding to the upper and lower band edges are essentially identical to those shown in Fig. 3 (b) , the BSW dispersion curve obtained without the TDBC J-aggregates doped PVA film is now replaced by two branches. These show a clear anticrossing around k =12 µm −1 , demonstrating the strong coupling regime. The Rabi splitting is around 290 meV, a value greater than those previously reported for Jaggregates excitons in other planar structures [21] [22] [23] 26 , but lower than that obtained with metallic nanoparticles 24 . This result is consistent with the large field enhancement at the sample surface that can be obtained through a BSW. This is higher than what can be obtained inside a simple planar microcavity, but lower than the typical field enhancement given by plasmonic resonances 14 . The dispersion relation of the polariton branches was calculated with the same harmonic function used to fit the dielectric response of the J-aggregate in the ellipsometric experiments. Absorption losses were neglected for numerical reasons (i.e. γ = 0). Theoretical and experimental results are in good agreement in the entire investigated energy range.
Finally, we collect photoluminescence (PL) spectra from the sample (see Fig. 4 (a) ). The TDBC Jaggregates doped PVA film was pumped from the top with a cw laser at a wavelength λ pump = 532 nm; PL signal was then collected through the prism in the Kretschmann configuration (see Fig. 1 (b) ). The wavelength λ pump is chosen to avoid spurious photoluminescence from the multilayer, which is observable when λ pump > 2.4 eV. This allows us to investigate only the emission in the region of the lower polariton branch. While photoluminescence from the uncoupled excitons is suppressed by the photonic band gap, dispersive peaks associated with the polariton branch are clearly observable in the emission spectra. The data are in excellent agreement with the same simulated dispersion curves used to fit the dispersion relation obtained from the ATR measurements.
In conclusion we have experimentally demonstrated strong coupling between a Bloch surface wave supported by an inorganic multilayer structure and excitons in a Jaggregate film, thus demonstrating the existence of Bloch surface waves polaritons. Similar results could be replicated in other systems, such as III-V semiconductors, where strong coupling is typically observed using planar microcavities. The absence of intrinsic losses of the photonic mode as well as the possibility to control the BSW propagation with a simple structurization of the sample surface point to BSWs as the ideal platform for fundamental studies and applications of exciton polaritons in integrated devices.
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